Parkinsonism is associated with changes in oscillatory activity patterns and increased synchronization of neurons in the basal ganglia and cortex in patients and animal models of Parkinson's disease, but the relationship between these changes and the severity of parkinsonian signs remains unclear. We examined this relationship by studying changes in local field potentials (LFPs) in the internal pallidal segment (GPi) and the subthalamic nucleus (STN), and in encephalographic signals (EEG) from the primary motor cortex (M1) in Rhesus monkeys which were rendered progressively parkinsonian by repeated systemic injections of small doses of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Observations during wakefulness and sleep (defined by EEG and video records) were analyzed separately. The severity of parkinsonism correlated with increases in spectral power at frequencies below 15.5 Hz in M1 and GPi and reductions in spectral power at frequencies above 15.6 Hz with little change in STN. The severity of parkinsonism also correlated with increases in the coherence between M1 EEG and basal ganglia LFPs in the low frequency band. Levodopa treatment reduced low-frequency activity and increased high-frequency activity in all three areas, but did not affect coherence. The state of arousal also affected LFP and EEG signals in all three structures, particularly in the STN. These results suggest that parkinsonism-associated changes in alpha and low-beta band oscillatory activity can be detected early in the parkinsonian state in M1 and GPi. Interestingly, oscillations detectable in STN LFP signals (including oscillations in the beta-band) do not appear to correlate strongly with the severity of mild-to-moderate parkinsonism in these animals. Levodopa-induced changes in oscillatory M1 EEG and basal ganglia LFP patterns do not necessarily represent a normalization of abnormalities caused by dopamine depletion.
Introduction
Prominent beta-band (13-35 Hz) oscillations in local field potentials (LFPs) in the basal ganglia (Brown et al., 2001; Gatev et al., 2006; Hammond et al., 2007) are seen as a key feature of the pathophysiology of Parkinson's disease (PD). This notion is supported by the finding that beta-band oscillations in the subthalamic nucleus (STN) of PD patients are reduced by antiparkinsonian treatments, such as dopaminergic medications or high-frequency stimulation of the STN (Bronte-Stewart et al., 2009; Kuhn et al., 2008; Levy et al., 2002; Priori et al., 2004; Wingeier et al., 2006) . Beta-band LFP oscillations also increase in the internal pallidal segment (GPi) (Brown et al., 2001; Cassidy et al., 2002) , and abnormal delta and theta band activities have been found in electroencephalographic recordings (EEGs) from the primary motor cortex (M1) of parkinsonian patients (Neufeld et al., 1994; Serizawa et al., 2008; Soikkeli et al., 1991; but see Sebban et al., 1999) .
Studies in animal models of PD are consistent with these observations in patients. Thus, the power of beta-band oscillations was found to be increased in basal ganglia LFPs in 6-hydroxydopamine treated (dopamine-depleted) rats (Avila et al., 2009; Mallet et al., 2008; Sharott et al., 2005) , and in single neuron recordings in monkeys treated with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Bergman et al., 1994; Meissner et al., 2005; Wichmann et al., 1994) . More recently, oscillatory activity patterns were also demonstrated in M1 neuron recordings in MPTP-treated primates (Pasquereau and Turner, 2011) .
Because M1, STN, and GPi are anatomically connected (Mathai and Smith, 2011) , the hypothesis has emerged that parkinsonism-related oscillations in these structures are linked. According to this view, dopamine depletion in PD triggers pathologic oscillatory patterns throughout the basal ganglia-thalamocortical network, eventually leading to the behavioral signs of parkinsonism. However, while there is strong evidence that abnormal oscillations occur in this network in the dopamine-depleted state, it is not clear whether the oscillations
